Abstract: Nitrogen (N) saturation of upland forests has been assumed to be a substantial N source downstream. However, removal processes of N, including assimilation and denitrification in the downstream area, have not been clarified. To evaluate the N removal processes, nitrate and organic N concentrations, as well as nitrogen isotope ratio (δ 15 N) and oxygen isotope ratio (δ 18 O) of NO 3 − were measured along three rivers of Tatara River Basin, Japan where upland forests have already been N-saturated. Geographic information system (GIS) based topographical analysis was also conducted to evaluate the land use as urban area in relation to topography. In two of the three rivers, NO 3 − concentrations did not increase from upstream to downstream, despite the potential non-point N sources of urban areas. In another river, NO 3 − concentrations rather decreased.
Introduction
It is vital to identify the factors regulating stream nitrogen (N) eutrophication in a mixed land use river basin [1, 2] . Non-point source (NPS) pollution from agricultural and urban areas is the main source of downstream eutrophication [3] , while denitrification and assimilation reduces nitrate (NO 3 − )
in stream water, leading to reducing N eutrophication in stream water [4, 5] . These factors should be evaluated carefully to improve our understanding of downstream N eutrophication. Upland forests have been commonly regarded as having negligible NPSs for downstream eutrophication [6, 7] . However, elevated atmospheric N deposition resulting from human activities may potentially cause N saturation in forested ecosystems, defined as an excess of biotic demand [8] , which causes high levels of NO 3 − leaching from upland forested ecosystems to be observed [8, 9] .
Thus, N-saturated upland forests can also act as an influential NPS, as can agricultural and urban areas [10, 11] . Chiwa et al. [10] conducted synoptic stream water samplings in the Tatara River Basin, northern Kyushu, Japan, and found that the stream NO 3 − concentrations in the N-saturated upland forest were high compared to those downstream, concluding that the N-saturated upland forests could be a substantial NPS of N downstream. However, neither loading, nor downstream removal processes of N (including assimilation and denitrification) have been clarified. These processes are important for improving our understanding of the effects of high levels of NO 3 − leaching from N-saturated upland forests on downstream N eutrophication. Quantitative analyses of loading from each pollutant source and removal processes in downstream areas form a reliable approach for understanding the factors affecting downstream N eutrophication [12] . However, this approach requires excessively large labor costs because of the complexities of pollutant sources and removal processes in downstream mixed land use river basins. Precise pollutant concentrations and water discharge are also required for load calculation. In addition, there are several unknown factors in the evaluation of load factors for certain areas because the nitrogen load in rivers depends on multiple terrestrial factors such as topography and land use, as well as various biogeochemical processes [13] .
The isotope composition of nitrogen compounds provides detailed tracers to evaluate nitrogen transport and transformation dynamics in catchment and river systems [13, 14] . It has been demonstrated that anthropogenic nitrate originating from wastewaters and fertilizers has a differing range of nitrogen isotope ratio in NO 3 − (δ 15 N) values, so the isotope tracer technique is particularly useful for assessing nitrogen pollution in rivers. Stable isotopes of riverine NO 3 − , such as δ 15 N and oxygen isotope ratio in NO 3 − (δ 18 O) values have been used to identify NO 3 − sources in surface water [15, 16] . Increases in both δ 15 N and δ 18 O values indicate N removal processes including denitrification [17, 18] and assimilation by microbial activities [19, 20] . Therefore, the use of stable isotopes of these riverine NO 3 − should be a powerful tool for inferring the N source and removal process of NO 3 − in downstream water.
Many studies evaluate stream NO 3 − loading and its removal process using isotope techniques [6, 13] . However, no study has yet examined catchments with N-saturated upland forests.
It is important to understand how high NO 3 − loading from N-saturated upland forests is removed in downstream areas for the purpose of the management of downstream N eutrophication. We hypothesized that NO 3 − -N from upland N-saturated forest is assimilated or denitrified in downstream areas. The objectives of this study are (1) to evaluate the NPS from upland forest and (2) to identify additional NPS and N removal processes in the downstream area using δ 15 N and δ 18 O values of NO 3 − in the Tatara River Basin where upland forest has been N saturated [10] . This is the first study to show the N removal process in the mixed land use downstream area in a catchment with N-saturated upland forest.
Materials and Methods

Study Area
This study was conducted in the Tatara River Basin located in northern Kyushu Island, western Japan ( Figure 1a ). It consists of the Tatara River and several tributaries: the Ino, Sue, Umi, and Kubara rivers, which are longer than 5 km. The basin area is 199 km 2 , where forest covers 52%, agricultural field covers 8% (paddy 7.7%), and urban area covers 37%. The catchment area and the proportion of each land use (forest, paddy fields, other agricultural areas, and urban) was calculated from data and land use statistics obtained from the Geospatial Information Authority of Japan and the National Land Information Division, respectively, using ArcGIS V10.1 (ESRI). The monthly mean air temperature and precipitation at the Fukuoka meteorological weather station located in this basin are shown in Table 1 for the years 2012 to 2013. The lowest temperature was 2.9 • C in January 2013, and the highest was 33.6 • C in August 2012. The population density in this basin was 1316 people km −2 in 2013 (Fukuoka Prefecture, http://www.pref.fukuoka.lg.jp/dataweb/jinko-2014y.html). Upland forests in the Tatara River Basin exhibit N-saturation [10] . The land use of the upstream areas is largely forestry, and the middle and downstream areas are largely agricultural and urban areas (Figure 1b) . More than 90% of the basin's agricultural area is comprised of paddy fields in this basin ( Table 2 ). The location of the Tatara-Gawa wastewater treatment plant is shown in Figure 1b ,c. Sewage water from urban areas in the Tatara River Basin-including from the Ino, Sue, and Umi rivers-was collected at the treatment plant, and the treated water was discharged into the lower reaches, further downstream than Ino5. The flow rate of each river tended to decrease toward the downstream because of water supply for the local population. The mean annual river flow rate of the Tatara River at Amouzu-Bashi (Ino5) was 3.3 m 3 /s and that of the Umi River at Befu Katamine (near Umi4) was 1.0 m 3 /s in 2013 (Fukuoka City Government 2015). Table 2 . Black diamonds show the Tatara-Gawa wastewater treatment plant and all of the treated wastewater discharged into the mouth of the river near Hakata Bay; (c) Contour map of the Tatara River Basin. Most of the highland areas are steep and covered with artificial forest (Chamaecyparis obtusa or Cryptomeria japonica) or secondary evergreen broad-leaved forest.
Water Sampling and Chemical Analysis
The Tatara River Basin consists of five main rivers. We chose three rivers (the Ino, Sue, and Umi rivers) for this study (Figure 1b,c) . Stream water was collected from the upstream to the downstream of three rivers across a range of land uses, including forests, agricultural, and urban areas (Figure 1b,c; Table 2 ).
At each sampling site, the near-surface water at the center of the stream channel was collected during non-precipitation periods, which were at least four days after a rainfall event (>10 mm for the total precipitation). The sampling was undertaken four times, once a season over a given year, in summer (6 August) and autumn (9 November) of 2012, and winter (29 January) (except Sue4) and spring (14 April; except Sue4 and Umi4) of 2013. Some samples were missing because of bad weather. According to monitoring data in the upstream of this basin since 2009, NO3 − concentrations remain high in recent year (Chiwa M., personal communication). Therefore, the situation that upland forest is N-saturated has not changed in recent years.
Total N (TN), NO3 − , nitrite (NO2 − ) and ammonium (NH4 + ), as well as the δ 15 N and δ 18 O values of NO3 − were analyzed in all collected samples. TN was determined using unfiltered samples. To analyze NO3 − , NO2 − , and NH4 + , as well as the δ 15 N and δ 18 O values of NO3 − , the collected samples were filtered using a 0.45-μm membrane filter (DISMIC-25CS; Advantec, Tokyo, Japan). Unfiltered (for TN determination) and filtered samples (for NO3 − , NO2 − , and NH4 + determination) were stored in the dark at 4 °C, while aliquots of the filtered samples (for measuring δ 15 N and δ 18 O values of NO3 − ) were stored in the dark at −20 °C until chemical analyses were carried out. Table 2 . Black diamonds show the Tatara-Gawa wastewater treatment plant and all of the treated wastewater discharged into the mouth of the river near Hakata Bay; (c) Contour map of the Tatara River Basin. Most of the highland areas are steep and covered with artificial forest (Chamaecyparis obtusa or Cryptomeria japonica) or secondary evergreen broad-leaved forest.
The Tatara River Basin consists of five main rivers. We chose three rivers (the Ino, Sue, and Umi rivers) for this study (Figure 1b Table 2 ).
At each sampling site, the near-surface water at the center of the stream channel was collected during non-precipitation periods, which were at least four days after a rainfall event (>10 mm for the total precipitation). The sampling was undertaken four times, once a season over a given year, in summer (6 August) and autumn (9 November) of 2012, and winter (29 January) (except Sue4) and spring (14 April; except Sue4 and Umi4) of 2013. Some samples were missing because of bad weather. According to monitoring data in the upstream of this basin since 2009, NO 3 − concentrations remain high in recent year (Chiwa M., personal communication). Therefore, the situation that upland forest is N-saturated has not changed in recent years. 
Geographical Analysis and Topographic Index
The drainage area and proportion of land-use at each sampling point were calculated using the digital elevation model (DEM) of 20 × 20 m resolution (Geospatial Information Authority of Japan), and land use data with 100 × 100 m resolution polygon data (National Land Information Division) using ArcGIS (version 10.1).
The maximum resolution enough to analyze the entire watershed is 20 m for digital elevation model and 100 m for land use data.
To evaluate the land use as urban area in relation to topography, the topographic index (TI) was used as an index of the flatness and concavity of the catchment area in question. Topography is one of the most important factors affecting land use as urban area. Other factors affecting the percentage of urban area could be the location of flat area that should be analyzed. However, topographic characteristics can be analyzed quantitatively based on geographic information system (GIS) data in a whole basin. TI is commonly used to quantify topographic control on hydrological processes and was calculated from a DEM of a 20 × 20 m resolution in the watershed using ArcGIS (Figure 2 )
where a is the specific contributing area (grids) and b is the local slope in degrees [24] .
Hydrology 2017, 4, 43 5 of 12 NO3 − , NO2 − , and NH4 + concentrations were determined using an ion chromatograph (DX-120; Dionex, Osaka, Japan). NO2 − and NH4 + concentrations in our samples were below the detection limits (DLs: 0.15 μmol L −1 for NO2 − and 0.25 μmol L −1 for NH4 + ). For TN analysis, water samples were digested using an alkaline solution of potassium peroxydisulfate (NaOH-K2S2O8), and the TN was then measured using ultraviolet absorptiometry (UV mini-1240, Shimadzu, Kyoto, Japan). Organic nitrogen (Org-N) concentration was calculated by subtracting the NO3 − concentration from the TN concentration. The δ 15 N and δ 18 O values of NO3 − were analyzed using the microbial denitrified method [21, 22] . NO3 − in a sample was completely converted to nitrous oxide (N2O) by denitrifying bacteria that lack N2O-reductase activity. The total amount of NO2 − of each sample was adjusted so as to have larger than 30 nmol-N before analysis. The analysis of samples was performed using a stable isotope mass spectrometer (Delta Plus XP, Thermo Fisher Scientific). Isotopic data of NO3 − were calibrated using IAEA-NO3, USGS34, USGS35 [23] .
The N and O stable isotope ratios are expressed in the following generally-accepted delta notation as δ values
where R is the 15 N/ 14 N or 18 O/ 16 O ratio of the NO3 − of a sample and the international standard (atmospheric N2 for nitrogen and the Vienna Standard Mean Ocean Water (VSMOW) for oxygen, respectively).
where a is the specific contributing area (grids) and b is the local slope in degrees [24] . The TI value was calculated for every cell at a 20 × 20 m resolution. Thus, the statistics for TI values were calculated for each catchment. Then, average TI values for all cells of the drainage area at the sampling point were calculated at each sampling site. To evaluate changes in land use between upstream and downstream sampling points, the local TI value (LTI) was calculated for the area obtained by subtracting the drainage area of the upstream sampling site from the drainage area of the downstream sampling site. The TI value was calculated for every cell at a 20 × 20 m resolution. Thus, the statistics for TI values were calculated for each catchment. Then, average TI values for all cells of the drainage area at the sampling point were calculated at each sampling site. To evaluate changes in land use between upstream and downstream sampling points, the local TI value (LTI) was calculated for the area obtained by subtracting the drainage area of the upstream sampling site from the drainage area of the downstream sampling site.
Data Analysis
The regression equation between NO 3 − -N concentration and the percentage of urban area was calculated using the non-linear regression curve. This analysis is advantageous for providing insight into denitrification and assimilation in downstream area in mixed land use watershed. Spearman's rank correlation coefficient (r) was used to examine the relationships between the logarithm NO 3 − concentration and δ 15 N and the relationships between the local urban area (LUA) and LTI at each river to evaluate denitrification in downstream in mixed land use area. All statistical analyses were carried out using an open source statistical programing language of R Version 3.3.3. in urban-or suburban-forested watersheds compared with rural-forested watersheds [10, 25, 26] , and regional-scale spatial patterns of higher atmospheric N deposition were observed in urbanor suburban-forested areas [27] [28] [29] . In a previous study, river basins included suburban forests, and atmospheric N deposition was moderately high (16 kg N ha −1 year −1 in these areas [30] ), which is above the threshold value that could potentially cause N leaching from a forested watershed. Therefore, in the present study, upland forests in the river basins were influential NPSs of N for downstream areas.
Results and Discussion
Changes in the NO
In the following analyses, we concentrated on the topics of the regional N dynamics rather than the seasonal changes. Although it is difficult to separate the seasonal effects, datasets are enough to test the hypothesis that NO 3 − from upland N-saturation in the forest is assimilated or denitrified in the downstream area.
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Data Analysis
The regression equation between NO3 − -N concentration and the percentage of urban area was calculated using the non-linear regression curve. This analysis is advantageous for providing insight into denitrification and assimilation in downstream area in mixed land use watershed. Spearman's rank correlation coefficient (r) was used to examine the relationships between the logarithm NO3 − concentration and δ 15 N and the relationships between the local urban area (LUA) and LTI at each river to evaluate denitrification in downstream in mixed land use area. All statistical analyses were carried out using an open source statistical programing language of R Version 3.3.3. (Figure 3a,c) . High levels of NO3 − leaching from forests have been observed in urban-or suburban-forested watersheds compared with rural-forested watersheds [10, 25, 26] , and regional-scale spatial patterns of higher atmospheric N deposition were observed in urban-or suburban-forested areas [27] [28] [29] . In a previous study, river basins included suburban forests, and atmospheric N deposition was moderately high (16 kg N ha −1 year −1 in these areas [30] ), which is above the threshold value that could potentially cause N leaching from a forested watershed. Therefore, in the present study, upland forests in the river basins were influential NPSs of N for downstream areas.
Results and Discussion
Changes in the NO3
In the following analyses, we concentrated on the topics of the regional N dynamics rather than the seasonal changes. Although it is difficult to separate the seasonal effects, datasets are enough to test the hypothesis that NO3 − from upland N-saturation in the forest is assimilated or denitrified in the downstream area. a,d,g,j) , Sue (b,e,h,k), and Umi (c,f,i,l) rivers. White circle, white triangles, black circles, and black diamonds indicate the stream water sampling months of August, November, January, and April, respectively. Exponential regression lines with a significant p-value (p < 0.05) are drawn directly from all data points.
In many cases, agricultural and urban areas are the large downstream N alternative sources [31] . However, the agricultural area in this basin consists mostly of paddy fields that can be a sink for In many cases, agricultural and urban areas are the large downstream N alternative sources [31] . However, the agricultural area in this basin consists mostly of paddy fields that can be a sink for NO 3 − because of net denitrification losses [32, 33] . We examined the effects of paddy fields on NO 3 − concentration and isotopic signatures. However, the effects of paddy fields cannot be detected, probably because of the small percentage of paddy area in this catchment (Table 2) . Therefore, the N source in the downstream could be mainly from the urban area, rather than agriculture, and we used the percentage of urban area as an index of the downstream N sources. NO 3 − in the downstream could be mixed with N sources from the upstream N-saturated forest and from the downstream urban areas. Significant positive increases in organic N (Org-N) concentrations with the percentages of urban areas (Figure 3d-f) support the idea that the urban activities are important sources of N pollutants, because Org-N is considered as a pollution source from urban areas [34, 35] . However, the NO 3 − -N concentration did not increase significantly with the increasing percentages of urban areas, corresponding to the downstream (no increased type; Figure 3b ,c). Ohte et al. [13] showed that dual NO 3 − isotope data are a powerful tool for tracing anthropogenic sources in most agricultural River (εN = −5.8 , Figure 4a ) was approximately double the εO values (εO = −2.2 , Figure 4b) , which was consistent with many studies [37, 38] . The values of δ 15 N and δ 18 O suggest the effects of denitrification [14, 39] . 
Use of the Topographic Index to Explain the Lower Percentage of Urban Area in Ino
We conducted topographic analysis to relate the lower percentage of urban area in Ino. The local urban area (LUA) is the percentage of urban area in the drainage area between the upstream sampling site and the downstream sampling site. The percentage of LUA could be an index of NO3 − loading from urban areas between the upstream and downstream sampling sites, and the increase in the LUA may indicate the potential increase in the NO3 − loading. The LTI could be an index of the flatness of the object area. Because the values of LUA and LTI at each sampling site were calculated from large numerous of cell grid (30-6740 and 750-168,500 (minimum-maximum) for LUA and LTI, respectively), the calculated value at each sampling site is reliable.
Both the values of LUA and LTI tended to increase toward downstream areas of the three rivers ( Figure 5 ), suggesting that urban areas favor flatter areas rather than steeper areas. The LUA of the downstream in the Ino River was lower than those in the Sue and Umi rivers, and it could be the result of the lower LTI in the downstream of the Ino River compared to the others. Other factors than LTI affecting percentage of urban area could be the location of flat area. However, our analysis is based on a relatively small-scale watershed (200 km 2 ) and the effect of the location of flat area would be small. 
We conducted topographic analysis to relate the lower percentage of urban area in Ino. The local urban area (LUA) is the percentage of urban area in the drainage area between the upstream sampling site and the downstream sampling site. The percentage of LUA could be an index of NO 3 − loading from urban areas between the upstream and downstream sampling sites, and the increase in the LUA may indicate the potential increase in the NO 3 − loading. The LTI could be an index of the flatness of the object area. Because the values of LUA and LTI at each sampling site were calculated from large numerous of cell grid (30-6740 and 750-168,500 (minimum-maximum) for LUA and LTI, respectively), the calculated value at each sampling site is reliable.
Both the values of LUA and LTI tended to increase toward downstream areas of the three rivers ( Figure 5 ), suggesting that urban areas favor flatter areas rather than steeper areas. The LUA of the downstream in the Ino River was lower than those in the Sue and Umi rivers, and it could be the result of the lower LTI in the downstream of the Ino River compared to the others. Other factors than LTI affecting percentage of urban area could be the location of flat area. However, our analysis is based on a relatively small-scale watershed (200 km 2 ) and the effect of the location of flat area would be small. Previous studies used TI to explain the topographic controls on denitrification in upland forests [40] [41] [42] . TI is an indicative of the wetter point relative to other points and therefore the degree of NO3 − removal rates including denitrification and assimilation. Therefore, further investigation is required to analyze topographic dependence on denitrification and assimilation in urban areas. In addition, the loading and nitrogen reducing process is ambiguous in urban area and therefore modeling evaluation using fuzzy pattern-recognition may be useful [43] [44] [45] [46] .
Conclusions
The isotope tracer technique is useful for assessing nitrogen pollution in rivers. The stable isotope composition of riverine NO3 − is a more detailed tracer to estimate nitrogen transport and transformation dynamics in catchment and river systems. It is known that nitrogen saturated forest has large influence on downstream nitrogen pollution. Our study evaluated the NO3 − removal process in a downstream area using δ 15 N and δ 18 O values in NO3 − and TI values. Although pollutant sources and removal processes in the downstream mixed land use river basins represent complex phenomena and therefore their quantitative analysis is difficult, this study demonstrated that NO3 − leaching from upland N-saturated forests was substantially assimilated or denitrified in downstream areas. The riverine distribution of δ 15 N and δ 18 O of NO3 − is a useful index for detecting the influence of land use and topography and providing information for evaluating the influences of land use change. However, further investigation is required to analyze topographic dependence on denitrification and assimilation in urban areas.
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